Smirl JD, Tzeng YC, Monteleone BJ, Ainslie PN. Influence of cerebrovascular resistance on the dynamic relationship between blood pressure and cerebral blood flow in humans. We examined the hypothesis that changes in the cerebrovascular resistance index (CVRi), independent of blood pressure (BP), will influence the dynamic relationship between BP and cerebral blood flow in humans. We altered CVRi with (via controlled hyperventilation) and without [via indomethacin (INDO, 1.2 mg/kg)] changes in Pa CO2. Sixteen subjects (12 men, 27 Ϯ 7 yr) were tested on two occasions (INDO and hypocapnia) separated by Ͼ48 h. Each test incorporated seated rest (5 min), followed by squat-stand maneuvers to increase BP variability and improve assessment of the pressure-flow dynamics using linear transfer function analysis (TFA). Beat-to-beat BP, middle cerebral artery velocity (MCAv), posterior cerebral artery velocity (PCAv), and end-tidal PCO 2 were monitored. Dynamic pressure-flow relations were quantified using TFA between BP and MCAv/PCAv in the very low and low frequencies through the driven squat-stand maneuvers at 0.05 and 0.10 Hz. MCAv and PCAv reductions by INDO and hypocapnia were well matched, and CVRi was comparably elevated (P Ͻ 0.001). During the squat-stand maneuvers (0.05 and 0.10 Hz), the point estimates of absolute gain were universally reduced, and phase was increased under both conditions. In addition to an absence of regional differences, our findings indicate that alterations in CVRi independent of Pa CO2 can alter cerebral pressureflow dynamics. These findings are consistent with the concept of CVRi being a key factor that should be considered in the correct interpretation of cerebral pressure-flow dynamics as indexed using TFA metrics.
ONE COMMON METHOD TO ASSESS the dynamic relationship between arterial blood pressure (BP) and cerebral blood velocity (CBV) is through the use of transfer function analysis (TFA) (3, 39) . TFA utilizes Fourier transforms to quantify the linear relationship between BP and CBV and provides information on the statistical dependence between the input (BP) and output (CBV) variables (coherence), the time lag (phase), and signal amplitude modulation (gain) (32, 39) . To date, TFA has been used to examine the influence of the cerebrovascular resistance index (CVRi) on the dynamic cerebral pressure-flow relations under physiological (altered Pa CO2 levels) (3, 32, 38, 39) or pharmacological interventions (e.g., via phenylephrine infu-sion) (15, 32, 38, 39) . However, the way in which CVRi is manipulated under both of these conditions is fundamentally different, and it is unclear whether the changes in CVRi alone result in similar changes to those induced via hypocapnia.
Alterations to CVRi via Pa CO2 changes occur independent of changes to arterial BP by either increasing or decreasing the diameter of downstream cerebral arteriole (15, 38) . In contrast, phenylephrine increases CVRi via an entirely different mechanism (18, 38) . Phenylephrine is an ␣ 1 -adrenergic receptor agonist and likely does not cross the blood-brain barrier (18, 22) . Instead, it acts as a systemic vasopressor to increase arterial BP, which in turn, results in an increased CVRi. How a pharmacologically induced increase in CVRi independent of alterations to Pa CO2 and arterial BP may influence the dynamic cerebral pressure-flow relationship has yet to be experimentally examined.
The purpose of our study was to investigate the influence of CVRi on the cerebral pressure-flow relationships in healthy humans independent of alterations to Pa CO2 and arterial BP. To address this question, we administered a clinical dose of indomethacin (INDO), a potent and reversible cyclooxygenase inhibitor that is able to cross the blood-brain barrier. INDO has been shown to lower cerebral blood flow (CBF) by 30 -50% (13, 29, 36) and elevate CVRi without altering metabolic rate (13, 35) , plasma catecholamines (9, 35) , or Pa CO2 (9, 32, 39) . We also induced hypocapnia by voluntary hyperventilation to effectively match the elevations in cerebrovascular resistance that were present in the INDO trial, to confirm that the alterations in the TFA metrics were a result of the increased CVRi. The dynamic relationship between BP and CBV was quantified during exogenously driven changes in BP in the very low (0.05 Hz) and low (0.10 Hz) frequency ranges (14, 32, 39) . We hypothesized that increases in CVRi, independent of alterations to Pa CO2 or arterial BP, should lead to an increased phase and decreased gain metric in both the anterior and posterior regions of the brain.
MATERIALS AND METHODS

Ethical Approval
The study was approved by and complied with the standards set by the clinical ethical review board of the University of British Columbia. All volunteers provided written informed consent.
Subjects
Sixteen healthy subjects (12 men, 27.2 Ϯ 7.2 yr, BMI 25.6 Ϯ 2.9 kg/m 2 ) were recruited for this study. None had a history of cardiorespiratory or cerebrovascular disease, and none were taking any form of medication. All subjects abstained from exercise, caffeine, and alcoholic beverages for a period of 12 h prior to the study. Each subject underwent familiarization of the laboratory and testing protocols before initiation of the protocols.
Experimental Conditions
The subjects were required to visit the laboratory on two occasions. The subjects underwent three experimental trials: no intervention (control), oral INDO (1.2 mg/kg), and hypocapnia. The first two trials were performed on day 1 in the following order: control measures; oral INDO administration (dose, 1.2 mg/kg body wt); 90 min rest; then INDO measures. On day 2 (minimum 2-day washout period) the subjects were instructed to hyperventilate (leading to an increase in CVRi resulting in a decrease in CBV) until the reduction in the middle cerebral artery velocity (MCAv) matched the reduction of the INDO trial. The matched level of end-tidal CO 2 (PETCO2) during the hypocapnia trials was projected onto a screen, and each subject was coached on his rate and depth of breathing. This was performed to maintain a stable PET CO2 throughout each hypocapnic experimental condition (seated baseline, and both squat-stand frequencies).
Resting spontaneous baseline data were recorded in a seated position. These data were used for the baseline measures of BP, breathing frequency, PET CO2, and CBV in the anterior (MCAv) and posterior (posterior cerebral artery velocity; PCAv) cerebral circulatory regions. To try to maximize the signal-to-noise ratio that is commonly associated with lower coherence values present in spontaneous cerebral autoregulation (CA) measures (14, 23, 26, 32) , we had the subjects also perform repeated squat-stand maneuvers. The sub-jects mimicked the experimenter in performing these maneuvers to ensure that all subjects performed the maneuvers at a similar depth. The subjects were randomly selected to perform either a 0.05 Hz maneuver (10 s squat, 10 s stand) or 0.10 Hz maneuver (5 s squat, 5 s stand) for 5 min each or vice versa, with a 3-min rest period to return to baseline levels between trials. These data were used for the spectral analysis of the driven oscillations in BP and CBV in the MCAv and PCAv, as representative vessels of the anterior and posterior cerebral circulatory regions at the driven frequency. The driven data were selected from the point estimate at which we drove the BP (either 0.05 Hz or 0.10 Hz) because this point had the highest signal-to-noise ratio, highest power spectrum density (PSD) value, and thus the highest coherence value [refer to Fig. 1 for absolute PSD units and Fig. 2 for normalized PSD units; the variance (SD) for Figs. 1 and 2 is shown in Table 1 ]. The frequency at which the PSD reached peak amplitude (either 0.05 Hz or 0.10 Hz) was used as a basis for sampling the point estimates for coherence, phase and gain. The increased coherence indicates increased linearity within the BP and CBF relationship, and enables a stronger mathematical interpretation of the TFA phase and gain metrics. This practice has been used by our laboratory (28, 32) and others (8) . During all trials, end tidal gases were monitored to ensure that normal breathing occurred and Valsalva-like maneuvers were avoided.
Instrumentation
Subjects first received a three-lead electrocardiogram (ECG) for measurement of the R-R interval. BP was measured in the finger by photoplethysmography (Finometer; Finapres Medical Systems, Am- Table 1 for details).
sterdam, The Netherlands). This method has been shown to reliably assess the dynamic changes in beat-to-beat BP that correlate well with the intraarterial recordings and can be used to characterize the dynamic relationship between BP and CBF (2, 23, 26, 37) . The middle cerebral artery (MCA) and posterior cerebral artery (PCA) were insonated by placing 2-MHz Doppler probes (Spencer Technolo-gies, Seattle, WA) to obtain CBV in the MCA and PCA. The MCA and PCA were identified and optimized according to their signal depth, wave form, and velocities (2, 32, 37, 39) . Once the MCA and PCA were identified the probes were secured and locked in place with a headband (Spencer Technologies). CVRi was calculated from mean BP/mean CBV. PET CO2 was monitored using an online gas analyzer (ML206; AD Table 1 for details). Instruments, Colorado Springs, CO) and was calibrated with a known gas concentration prior to each trial. Heart rate was calculated from the ECG, and breathing frequency was determined from the CO 2 trace. All data were recorded and stored for subsequent analysis using commercially available software (LabChart version 7.1; AD Instruments).
Data Processing
All data were simultaneously sampled at 1,000 Hz via an analogto-digital converter (Powerlab 16/30 ML880; AD Instruments). Realtime beat-to-beat mean values of BP, MCA, and PCA velocity were determined from each R-R interval. All data were processed and analyzed with custom-designed software in LabView 11 (National Instruments, Austin, TX).
Power Spectrum and TFA
Beat-to-beat BP and MCAv/PCAv signals were spline interpolated and resampled at 4 Hz for spectral and transfer function analyses on the basis of the Welch algorithm. Each 5-min recording was first subdivided into five successive windows that overlapped by 50%. Data within each window were linearly detrended and passed through a Hanning window prior to fast Fourier transform analysis. For TFA, the cross-spectrum between BP and MCAv/PCAv was determined and divided by the mean arterial pressure autospectrum to derive the transfer function coherence, gain, and phase.
The transfer function coherence, gain, and phase of the driven BP oscillations were sampled at the point estimate of the driven frequency (0.05 or 0.10 Hz). These point estimates were selected because they are in the very low frequency (VLF; 0.02-0.07 Hz) and low frequency (LF; 0.07-0.20 Hz) ranges where CA is believed to be operant (10, 32, 39) .
Statistical Analysis
Statistical analyses were performed using PASW version 18.0 for Windows (PASW, Chicago, IL). The effects of trial (control, INDO, hypocapnia) on MCAv; PCAv; heart rate; breathing frequency; BP; PET CO2; CVRi; and transfer function coherence, gain (absolute and normalized), and phase were assessed using a one-way repeated measures ANOVA with a Bonferroni correction for main effects and were run for each driven condition (0.05 Hz and 0.10 Hz). Comparisons between the anterior and posterior cerebral vessels were performed using paired t-tests with Bonferroni correction. Data are presented as mean Ϯ SD for each 5-min experimental condition, and P Ͻ 0.05 was considered statistically significant.
RESULTS
There were no differences in PET CO2 
Cerebrovascular Responses
During the seated baseline trials there was a Ϫ32% and Ϫ31% reduction (P Ͻ 0.001) in MCAv and PCAv, respectively, during the INDO intervention, and a similar Ϫ34% and Ϫ37% reduction (P Ͻ 0.001) during the hypocapnia intervention ( Table 2 ). There were no changes in BP across either of the interventions, which in conjunction with the reduced MCAv/PCAv, resulted in an increase in CVRi of approximately ϩ50% in both the anterior and posterior regions of the brain (P Ͻ 0.001). These alterations to CBV occurred with (hypocapnia, 25.5 mmHg) and without (INDO, 39.9 mmHg) a reduction in PET CO2 . There were no significant differences between breathing frequency between the control (13.8 (26.4 Ϯ 6.3 breaths/min) was significantly higher than both the control intervention and INDO trials by study design (P Ͻ 0.001). Although not significantly different, heart rate trended toward a reduction in the INDO trial compared with the control intervention condition (P ϭ 0.057). Heart rate during the hypocapnia condition was higher than during the INDO trial (P Ͻ 0.001).
During the driven oscillations (representative trace shown in Fig. 3 ), compared with rest at 0.05 and 0.10 Hz, there was a reduction in both MCAv and PCAv of approximately Ϫ20% to Ϫ30% (P Ͻ 0.01) during both experimental interventions that were independent of any alteration in BP. The resulting increase in CVRi was similar in both the INDO and hypocapnia interventions (approximately ϩ20% in MCAv and approximately ϩ30% in PCAv; P Ͻ 0.05). There were no differences in heart rate during any of the experimental conditions at either 0.05 Hz (P Ͼ 0.22) or 0.10 Hz (P Ͼ 0.23). Breathing frequency was not different between the control and INDO trials at either 0.05 Hz (P ϭ 0.797) or 0.10 Hz (P ϭ 0.868). By study design, the hypocapnia trials at both 0.05 Hz and 0.10 Hz had higher breathing frequency than both the control and INDO trials (P Ͻ 0.001).
Transfer Function Analysis
When BP was driven with the squat-stand maneuvers, coherence was increased at both frequencies (0.05 Hz and 0.10 Hz) under all conditions to Ͼ0.92 (P Ͻ 0.001). In the MCA (Fig. 4A) 
DISCUSSION
Using a novel approach to alter CVRi without changes to arterial BP via pharmacological (INDO) and physiological (hyperventilation) interventions, the main findings of the study were as follows: 1) increases in CVRi, independent of alterations to PET CO2 , led to increased TFA phase and decreased absolute gain at 0.05 and 0.10 Hz; and 2) the anterior and posterior cerebral regions had similar cerebral pressure-flow relationships. Collectively, these findings support our hypothesis and demonstrate that increases in CVRi affect dynamic cerebral pressure-flow relations in both the anterior and posterior regions of the brain; thus, CVRi is a factor that should be considered in the correct interpretation of cerebral pressureflow dynamics as indexed using TFA metrics.
Implications for the Assessment and Interpretation of Pressure-Flow Relationships
The findings from this study are important for understanding how alterations to CVRi affect cerebral pressure-flow dynamics. For example, the impact of Pa CO2 is directly due to the changes in CVRi rather than an indirect influence of Pa CO2 per se. Thus, in situations in which changes in CVRi occur naturally [e.g., CVRi increases with the development of hypertension (14, 27) ] it has been suggested that the increased cerebrovascular tone associated with the increased CVRi leads to altered TFA metrics (decreased absolute gain). Also, our data are consistent with the current literature (14) showing that when mathematically interpreting TFA metrics, it is important to maximize the BP variability, thus increasing coherence and mitigating the confusion in interpreting TFA gain and phase metrics associated with lower coherence values. When input from the BP variability was enhanced with the squat-stand maneuvers ( Fig. 1 and Fig. 2) , we observed uniform increases in phase and reductions in gain at both 0.05 Hz and 0.10 Hz point estimates. This indicates that there appears to be an altered cerebral pressure-flow response with increased CVRi (Fig. 4) . Thus applying a methodology that employs increasing the BP variability leads to an enhancement of the input signal (BP), resulting in more mathematically interpretable output values (phase, gain) (14, 31, 34) . Our study also provides evidence that the anterior and posterior regions of the brain have similar pressure-flow relationships during changes in CVRi. These findings are further considered below in light of previous studies, potential mechanisms of action, and relevant methodological considerations.
Review of Previous Studies
Hypocapnia has been shown to affect the cerebral pressureflow relationship in numerous studies under both steady-state (1, 4, 11, 17, 19, 21, 31, 34) and dynamic (1, 4, 11, 17, 19, 21) conditions. These studies took place within both healthy (1, 4, 11, 19) and clinical populations [e.g., traumatic brain injury (11, 19, 34) , intracranial aneurism (31, 34) , acute liver failure (17, 31) , and during isoflurane anesthesia (6, 17, 24) ]. The overall findings from these studies have demonstrated that cerebral vascular tone is an important protective mechanism in the regulation of CBF. In contrast to this hypocapnia literature, no studies have examined the dynamic cerebral pressure-flow response with INDO. Only two studies (6, 24) have investigated the effects of INDO via high-dose intravenous infusion on the steady-state cerebrovascular response. Both of the steady-state studies involved clinical populations [e.g., very low birth weight preterm infants (6) , and patients with severe head injury (24) ]. However, unlike hypocapnia, the proposed mechanisms in the two later studies were suggested to be due to the cerebral microvessels maintaining their ability to further vasodilate or constrict in response to other stimuli, despite the constrictive action of the drug. The commonality of all these studies was that during periods of either hypocapnia (PET CO2 approximately 25-35 mmHg) and during INDO treatment, there were subsequent improvements in related cerebral pressure-flow responses.
The current study is the first to examine the effects of both hypocapnia and INDO on pressure-flow relationships within the same population. To provide more interpretability to our TFA metrics, we induced large oscillations in BP, thus increas-ing BP variability ( Figs. 1 and 2; Table 1 ). With the increased BP variability, coherence rose to a minimum of 0.92 during the squat-stand maneuvers (Fig. 4) . Subsequently, the increased interpretability provided by the driven data within our study showed agreement with previous studies (4, 19, 38) ; specifically, that there were universal increases in phase lead and reductions in absolute gain (Fig. 4 ). There was a reduction in normalized gain at 0.05 Hz for the hypocapnia and INDO interventions, but they were not significantly different than the control intervention group at 0.10 Hz (Fig. 4) . A possible explanation for the apparent discrepancy in these findings is that there appears to be a frequency-dependent normalized gain response to hypocapnia (32) , with reductions occurring around 0.05 Hz, and no further alterations present with hypocapnia at 0.10 Hz. Our findings further emphasize those of Tzeng et al. (32) , because these alterations to normalized gain do not appear to be specific to hypocapnia, but are linked with increased CVRi as shown by the comparable findings within the INDO intervention. This provides further confirmation that reporting TFA gain in absolute vs. normalized units can alter the interpretation of the findings (32) .
The findings within the pharmacological portion of the current study were not entirely consistent with the findings by Zhang et al. (38) . The conflicts between the two studies could be a result of the different mechanisms by which phenylephrine (18, 22, 38) (␣ 1 -adrenoreceptor agonist), INDO (a nonselective cyclooxygenase 1 and 2 inhibitor), and hypocapnia (cerebral vasoconstriction) increase CVRi. Phenylephrine likely does not cross the blood-brain barrier, and thereby does not directly alter the cerebral arterioles (18, 22, 30) . Phenylephrine instead increases the CVRi indirectly through mechanoregulation (16) cerebrovascular arterioles (11, 16, 21) , thus reducing CBF without altering systemic BP. It is the similar manner by which both INDO and hypocapnia influence CVRi, which make them ideal for exploring explore the mechanism(s) by which CVRi is able to influence cerebral pressure-flow dynamics.
Mechanisms by Which CVRi May Influence the Cerebral Pressure-Flow Relationship
The results from this study indicate that the changes in the pressure-flow regulation (and possibly CA) are likely related to changes in CVRi rather than the previously reported hypocapnia (11, 21, 33, 38) (Table 1 ). Thus we propose that the most likely cause for the alterations in TFA metrics are due to the enhanced arteriolar tone in the cerebral vasculature. These findings are broadly consistent with previous studies that have revealed TFA gain and phase parameters are determined by cerebrovascular properties such as vascular compliance and/or resistance (12, 33, 38) . However, we also note that there is a possibility that both the hypocapnia and INDO interventions could cause alterations to the cerebral pressure-flow dynamics independent of the alterations in CVRi. In this case, we acknowledge that alterations to CVRi would be without an existing physiological or physical causation mechanism that would link increased CVRi to the altered TFA metrics.
Regional Differences in Cerebral Pressure-Flow Regulation
To date the vast majority of the research on the regulation between BP and CBF has focused solely on the MCA and related anterior cerebral regions, whereas there has been relatively little research on the posterior cerebral circulation. Whereas one report indicated that pressure-flow relationships in the PCA are less efficient compared with the MCA (12, 20) , another revealed that alterations to the pressure-flow relationships within the PCA are likely the result of metabolic vasodilation and not an inherent difference in the autoregulatory characteristics of the posterior circulation (20, 25) . Yet another study has shown that under general anesthesia the anterior and posterior regions of the of the brain have similar CO 2 reactivity and static CA responses (25, 32) . Our findings build upon these previous findings and are the first to reveal that similar dynamic pressure-flow relationships are present in the anterior and posterior cerebral circulatory systems (Fig. 4) . This notion indicates that likely similar cerebral pressure-flow mechanisms are present in both the anterior and posterior regions, and highlights the related importance of monitoring CVRi rather than just focusing on the effects of hypocapnia when reporting TFA metrics.
Methodological Considerations
Cerebral autoregulation. There has yet to be a firmly established gold standard for evaluation of static CA (7, 32) ; as such, the discussion in this paper was not focused on interpreting our TFA findings as they relate to CA. Instead, the findings were focused solely on the relationship present between BP and CBF. We chose to statistically quantify and assess this relationship via the linear analysis method of TFA. We feel that it is important to note that despite the widespread use of TFA to assess dynamic CA within the literature, it is extremely unlikely that the entire CA response can be quantified through a linear model. There will be other cocontributing factors to the CA response such as cerebrovascular compliance, downstream capacitance, intracranial pressure, and venous outflow modulation. With the view that likely nonlinear complexities can confound the spontaneous CA metrics, one may wonder why we chose to utilize TFA to assess this relationship, and our rationale is explained next.
Transfer function analysis. Interpretation of TFA output metrics (phase and gain) are related to the overall coherence present within the analysis, because coherence represents the shared variance between the phase and gain metrics. To improve the mathematical interpretability and reliability of the TFA outputs within the VLF and LF (7, 37) , we increased the input into the system (BP variability) via squat-stand maneuvers (Table 1) . Squat-stand maneuvers create very large swings in BP (Fig. 1) , which in turn enhance the input/output response within the cerebral pressure-flow relationship, creating a nearly linear relationship (coherence values for the driven data in this study were Ͼ0.92 a.u.). Through the application of this methodology we have increased the linearity of the cerebral pressure-flow relationship for mathematical interpretational purposes. Moreover, we view such BP challenges as a more realistic representation of daily activities (e.g., postural changes, coughing, exercise, etc.) and make our data set physiologically relevant. For the above reasons we have focused our discussion on the dynamic relationship between BP and CBF instead of CA. The data presented in this study further confirm that the interpretation of the TFA gain findings can be altered on the basis of reporting the results in absolute or normalized units (32) .
Flow vs. velocity. The main assumption of transcranial Doppler (TCD) is that the relative changes in MCAv/PCAv directly represent relative changes in the blood flow within this artery; however, at least during situations of normal BP and arterial blood gases, the majority of research suggests that TCD provides a reliable index of CBF [reviewed in (5, 37) ]. We also know of no evidence to suggest that INDO may alter the diameter of the MCA/PCA. For example, previous studies using magnetic resonance imaging have demonstrated that INDO causes a similar percentage change in global CBF and MCAv (5) .
Conclusion
We have demonstrated for the first time that increases in CVRi, independent of alterations to Pa CO2 or systemic BP, are associated with altered cerebral pressure-flow relationship as reflected by the universally increased phase and decreased absolute gain. There are similar autoregulatory mechanisms present in the anterior and posterior cerebral circulatory systems. Collectively, these findings indicate that changes in CVRi will result in changes to the TFA metrics associated cerebral pressure-flow relationships, and as such, CVRi should be considered in the correct interpretation of TFA metrics. These finding are important for furthering our understanding of the mechanisms underlying the cerebral pressure-flow relationships in the human cerebral circulation and how these responses are commonly interpreted.
